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ABSTRACT 



Simultaneous measurements of mean wind speed, horizontal wind 
velocity, vertical wind velocity, and water height were made during the 
summer of 1968 at an exposed field site off the New England Coast. A 
vertical array of five cup anemometers provided wind speed data for 
heights extending up to 8.2 meters. Hot film anemometers operated 
in pairs measured component wind velocities at a height of 1 meter 
above the mean water level. Hot film anemometers mounted on two 
horizontally separated instrument platforms measured a two-point 
spatial correlation field. Measurements were conducted with and with- 
out an artificial sea slick on the water, demonstrating the importance 
of small waves to air-sea interaction. 

Analysis of the wind profile data indicates better than 90 percent 
of the validly measured wind profiles are logarithmic. The friction 
velocity U* is a linear function of wind speed in the range of wind 
speeds studied, while the roughness length parameter, z c , is highly 
structured. The structure of the roughness length parameter can be 
explained in part by the Kelvin-Helmholtz instability and the onset 
of wave generation. A discontinuity at 4 meters/sec~l cannot be 
explained. The drag coefficient is constant with a value of 1.6 x 10 
except in the vicinity of roughness length discontinuities. The mean 
wind speed at 10 meters is represented as the sum of a mean profile 
term and a velocity defect terra constructed from the correlation 
between U* and z Q . The velocity defect term has a systematic behavior 
as a function of wind speed. 

Taylor’s Hypothesis is tested based on cross-correlations and 
cross spectral denisty computations of the data from spatially separated 
hot film anemometers. Taylor’s Hypothesis does not appear to be consis- 
tently valid for atmospheric turbulence in the general spectral domain 



of ocean surface waves. Reynolds stress measurements are consistent 
with the values observed by other investigators and with the values 
inferred from the wind profile data. Cross spectral density computa- 
tions indicate that the near-surface horizontal velocity is a maximum 
over the wave trough for both the well and the wind waves, except 
when the water is covered by a slick. In the case of a slick, the 
horizontal velocity has its maximum value over the wave crest of the 
swell and looses coherence with the wind sea. 
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Introduction 

This paper is concerned with the momentum transfer processes at 
the air-sea interface; specifically those processes which contribute 
to the growth and maintenance of wind waves. Attention is focused on 
the atmosphere over the ocean, and the isolation and identification of 
atmospheric phenomena unique to the ocean atmosphere. As a matter of 
viewpoint, the research was approached with a minimum concern for the 
air’s action on the sea, as opposed to the sea’s action upon the atmos- 
phere, in the belief that the atmosphere’s ability to transfer energy 
into the ocean is dependent primarily on the nature of the effects of 
the ocean on the atmosphere. 

As a point of departure, we look at the atmosphere directly 
over the ocean from the point of view of the atmospheric investigator 
as contrasted with that view commonly held by the wind wave investigator. 
The former tends to consider the ocean surface as just another rigid 
boundary, where the magnitude and direction of the energy fluxes across 
the boundary are not considered. [Paulson (1967); Pond, Smith, Hamblin, 
and Burling (1967); Pond, Stewart, and Burling (1963).] While such an 
approach appears to result in the proper wind profiles over the sea, 
it is obviously the incorrect viewpoint when discussing the energetics 
of the air-sea interface. Stewart (1967) has shown that the saturated 
wind wave field has gained momentum from the atmosphere equivalent to 
the entire momentum contained in the atmospheric mean wind extending 
to a height of one ocean wave wavelength (roughly 40-60 meters as a typical 
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figure). Intuitively, during a falling sea, one should expect the 
momentum flux across the air-sea boundary to reverse sign. 

The wind wave investigator, looking up from below, tends to treat 
the atmosphere as an infinite energy source over the ocean, being milked 
of momentum in response to proper excitation from the wave below. Again 
this appears to be a correct viewpoint in a most general sense, however 
one is left asking just how much momentum can the atmosphere provide. 

The focal point for the different viewpoints in the treatment of 
the atmosphere is the vertical mean wind profile. Stewart (1961) and 
Kinsman (1965) argue that the magnitude of the momentum flux from the 
atmosphere to the ocean is so large that the atmosphere should not be 
able to support a logarithmic profile. Atmospheric investigations, 
such as those summarized by Roll (1964), show that the oceanic profile 
is in general a logarithmic profile, but beg the question of explaining 
the maintenance of the profile in the face of wave generation. All of 
this suggests to this investigator that the oceanic vertical mean wind 
profile must be considered as the result of a quite different process 
from that effecting its rigid boundary counterpart. 

The research reported in this paper has tried to identify unique 
aspects of the oceanic wind profile, and there find some explanation 
for the existence of these unique aspects. The research, and consequently 
this report, can be conveniently divided into three general areas. The 
first area is the development and use of suitable measurement techniques 
needed to observe the atmosphere over the ocean. Next, the vertical 
mean wind profile is examined. Finally, some information is presented 
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concerning the two-dimensional motions directly above the ocean. As an 
illuminating side bearing on the results, some experimental results 
with artificial sea-slicks are reported. 
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I 

Site and Instrumentation 

Field measurements were conducted from a rigid spar designed and 
erected under the supervision of Professor Erik Mollo-Christensen in 
Buzzard’s Bay, Massachusetts. The spar was placed in 60 feet of water 
as shown in figure 1.1, and provided an ideal platform for mounting 
sensitive instruments for air-sea interaction studies. 

Figure 1.2 is a rough sketch of the geography of the area around 
the spar. Prevailing winds for the area are from the Southwest, and 
almost all of the observations recorded were of winds from the Southern 
sector. The nearest land to the Southwest is Block Island, at a distance 
of 26 miles. The bottom topography to the South and Southwest gradually 
increases in depth, so one need not be concerned about wave field distor- 
tion due to upwind and up-sea shoaling of the wind-waves studied in this 
report. 

The deep water, the high wind speed variability, the virtually un- 
limited fetches to the South, and the rigid instrument platform provide 
an excellent environment for the study of air-sea interaction processes. 

Figure 1.3 is a photograph of the spar with instruments rigged. 

Note that the instruments are mounted on the end of a trainable instru- 
ment boom extending 12 feet from the spar. The boom was oriented into 
the wind at the beginning of each run, and was elevated or depressed 
so that an inscribed boom "waterline" was positioned at the mean water 
level of the sea expected for the duration of the data run. During any 
given data run, the mean water height would vary less than 1 foot due to 
tidal effects, and was treated as being essentially constant during the 



run. 
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Figure 1.1 



Bottom mounted spar design for use in 
Buzzards Bay during the summer of 1968 
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Figure 1.2 Air-Sea Interaction site location 
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For spatial wind correlation studies, a taut moored, moveable, wind 
stabilized instrument buoy as placed at various locations near the main 
spar. Initial plans called for two such buoys, as shown in figure 1.4, 
however, one of the buoys was lost during heavy weather before experiments 
could be conducted using two buoys simultaneously. The portable buoy 
consisted of an instrument cage mounted on the end of a 25 foot section 
of 2 inch structual aluminum pipe, of which 6 to 10 feet protruded 
above the water. The floatation for the buoy was roughly 10 feet below 
the water line. The instrument electronics were contained in a Sears- 
Roebuck pressure cooker, as shown in figure 1.5. A hot film probe was 
mounted on the end of a two meter long combination instrument support 
and radio antenna. The entire instrument package was dropped into bearing 
sleeves mounted in the instrument cage when the buoy was to be used, 
otherwise the instruments were maintained ashore. 

The instrumentation on the spar and the portable buoy remained 
unchanged during the entire summer of 1968, except for minor variations 
to accommodate special experiments. The instrumentation consisted of: 

One Beckman and Whitley 6-cup anemometer and wind vane 
system mounted at the top of the spar at a height of 8.2 meters. 

Four C. W. Thorthwaite Associates cup anemometers located 
at 1, 2, 3, and 5 meters above the mean water level. 

Two sets of DISA S & B battery operated hot film anemometers 
mounted at 1 and 5 meters above the mean water level. The hot 
film probes were used in pairs as described in chapter II, to 
provide direct measurement of Reynold’s stress. 
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Figure 1.3 Instrument spar with boom ex- 
tended and instruments rigged. 




Figure 1.4 Satellite Buoy 
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One capacitance wave gauge designed by the Department of Meteor- 
ology Fluid Dynamics Laboratory , mounted directly below the hot film 
anemometers . 

One set of slope-matched thermistors mounted at 1 meter and at 
5 meters to give temperature difference readings for the computation 
of Richardson’s number. 

One hot film anemometer and associated circuitry located on 
the portable buoy. 

The signals from the various sensors on the spar were preprocessed 
as necessary, and then transmitted through a floating umbilical cord 
to the R. R. Shrock, moored by a two point moor 150 feet downwind 
from the spar. The signals from the portable buoy were transmitted 
by radio link. The data logging system on board the Shrock is shown 
in figure 1.6. The Thomthwaite Cup anemometer data was recorded 
and printed out by a Thornthwaite model 106 wind profile register 
system. The temperature data and the wind direction was recorded 
on strip-chart recorders. The remaining data was recorded on a 
Precision Instrument 6208 8-channel tape recorder. 

Considerable attention was given to the transmission of the 
hotwire signals. The outputs of these anemometers were linearized 
using an in-house designed linearizer (see appendix 3) and then 
converted into a frequency modulated signal prior to transmission 
and recording. Such preprocessing is considered essential to 
maintaning signal fidelity and low signal- to -noise ratios for the 
hot film signals. In the case of hot films operating together as 
pairs for the direct measurement of Reynolds stress, an additional 
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Figure 1.5 Satellite buoy instrument package 
constructed from pressure cooker 
with instruments in place. 




Figure 1.6 Data logging system on board the R/V R.R. Shrock. 
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Figure 1.7 Signal conditioning amplifier (left) 

and voltage-controlled oscillator (right) 
constructed for use with hotwire systems. 
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precaution was taken by multiplexing the two signals prior to trans- 
mission and recording. This avoided any question of phase match 
errors due to multipath transmission effects, tape recorder head 
alignment, etc. 

With the exception of the temperature difference measurements 
and the wave gauges, all of the equipment consisted of standard 
off-the-shelf hardware. A full description of the cup anemometers, 
the wave gauges, and their characteristics is covered by Seesholtz 
(1968). A discussion of the Reynolds stress measurement is contained 
in Chapter II. 

Turbulent fluctuations in the atmosphere were measured using 
DISA type 55D05 hot wire anemometers in conjunction with DISA 55A85 
hot film probes. The anemometers are battery operated, compact, and 
ideally suited to the rugged field environment. The probes consist 
of a platinum film sensing element fused to a wedge-shaped tip of a 
quartz support. The film is electrically insulated from the salt air 
by a thin quartz coating over the film. The probes were operated at 
an overheat ratio of 1.7 to 1, recommended by the manufacturer as 
being the optimum for a probe operated in air and subjected to dousing 
from occasional rain drops or intermittent water immersion. While the 
probes performed well in the field and survived environmental extremes, 
they were subject to sudden and unanticipated step changes in their 
characteristic operating resistance, requiring close monitoring. 

Several days of promising data had to be discarded because of this 
probe behavior. Additional probe characteristics are discussed in 



Chapter II. 
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Figure 1.7 shows the conditioning amplifiers and voltage controlled 
oscillators employed with the hotwire anemometers. The amplifiers were 
built around Texas Instrument integrated operational amplifier chips. 

The voltage controlled oscillator is a modification to the standard 
design presented in Navships 93484 (selected semiconductor circuits). 

The temperature difference measuring device consisted of two rug- 

gedized bead thermistors encased in glass, each mounted in identical, 

naturally ventilated radiation shields. The thermistor beads were slope- 

matched to provide an identical resistance variation for a given teraper- 

3 

ature variation to within one part in 10 . Each thermistor was connected 
as opposing elements of a balanced bridge, the output of which was 
amplified by standard operational amplifiers and calibrated to provide 
a full scale meter deflection on board the R. R. Shrock chart recorder 
in response to a 1 degree centigrade temperature difference. The high 
mass of the glass around each bead resulted in a system time constant 
of approximately 20 seconds, providing high damping and stability. 

After the system had settled down, it was capable of measuring temper- 
ature differences to with .01 degrees centigrade in an ideal environment. 

While the instrument worked quite satisfactorily in the laboratory 
and during pierside tests, it was somewhat of a disappointment at sea. 

As shown by the tabulated Richardson number calculations in Appendix I, 
the instrument would work well when the sea conditions closely approximated 
the ideal conditions available at pierside. Otherwise it would not work 
at all. The primary problem was the wet bulb effect caused by the depo- 
sition of salt spray on the bead. A suitable solution was not found for 



this problem. 
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Chapter II 

The Direct Measurement of Reynolds Stress 



General . 

The direct measurement of Reynolds stress at some point near the 
water surface has been one of the major problems in the observation of 
air-sea interaction processes. Instruments capable of providing such 
measurements are usually quite delicate, and require special handling 
and care to survive the hostile marine environment. The nature of 
the physical processes under study further impose demanding require- 
ments of dynamic response and sensitivity far beyond that required of 
the laboratory test environment. The importance of Reynolds stress 
measurements to the understanding of the near ocean atmospheric tur- 
bulence, coupled with the lack of literature discussing the instrumental 
problem, requires that this problem be separately considered in detail. 

The over-riding instrumental requirement in air-sea interaction 
studies is resolution, with dynamic range running a close second. Wind 
perturbations induced by the underlying wave action represents a small 
percentage of the overall turbulent energy. Consequently the instruments 
must not only have the dynamic range to handle the large gusts charac- 
teristic of the atmosphere in general, but must also have the sensitivity 
to detect the small wave-induced fluctuations. Hot film probes, operated 
in orthogonally mounted pairs, have been chosen as being best suited for 
this study. They fulfill the requirements of sensitivity and dynamic 
range, and have the rugged construction essential to instruments oper- 



ated in the maritime environment. 
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Instrument Calibration and Response 

From the outset it is assumed that the Reynolds stress sensor is 
mounted on a rigid mount near the ocean surface. Pond (1968) has dis- 
cussed the effects of buoy motion, which must be considered if a rigid 
mount is not available. The problem of Reynolds stress measurement in 
general will be treated first, followed by the specific case of a hot 
film probe pair. 

Kraus (1968) has shown for an instrument whose alignment deviates 
from a true vertical by an angle of one degree that one can expect 
errors in the measurement of Reynolds stress in excess of 100 percent. 
Kraus suggested several indirect approaches which might be suitable for 
correcting this error, both of which are considered unsuited for near- 
ocean measurements. An alternate approach to those of Kraus is to 
invoke the continuity condition that the mean vertical velocity near 
the boundary goes to zero, and use this to correct for instrument align- 
ment error. 

Let U and W represent horizontal and vertical components of the 
wind. The apparent velocities as sensed by the instrument will be 
denoted by a subscript (a). Following the usual Reynolds convention, 
an overbar denotes a mean quantity, while a prime represents a deviation 
from the mean. From the geometry of figure 2.1, one can write: 

Wa + U sina 4* W cosa 

Ua = U cosa - W sina (2.1) 

Applying the Reynolds convention and invoking the requirement that 
W = 0, equation (2.1) can be written: 



23 . 




FIGURE 2.1 



^INSTRUMENT 

AXIS 





Geometery of Instrument alignment error. 
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Wa = U sin a 
Ua = U cos a 
w f a = u* sinOt + w* cosa 

u f a = u cosa * w f sina (2.2) 

Forming the Reynolds stress term from equation (2.2): 

i Z 2 

u f w* = U* aW f a cos 2a - -^sin 2a (U' a - w' a ) 

(2.3) 



Equation (2.3) can be completely evaluated provided the angle a can be 

determined. From equation (2.2), however, we can write: 

sina = ~ (2.4) 

U 



One can use equation (2.3) and equation (2 W 4) together to compute the 

Reynolds stress , since one can directly measure the apparent vertical 

velocity and the mean horizontal velocity. If the two equations are 

combined into a single expression, and the small angle approximation 

2 

is made to order ot , : 



u’w' = u f _w* 
a 



_ 2 2 2 
[l_2(^ a ) ] - ^a( u 'a ~ w 'a ) 

U U 



(2.5) 



For processing of hotwire signals, however, it is more convenient 
to express the equations directly in terms of the hotwire output signals, 
rather than the derived expressions. An ideal hotwire would have a 
cosine law response, where the output signal from the hotwire varies 
directly as the cosine of the angle between the wind direction and a 
normal to the hotwire. In reality, however, the hotwire response 
deviates from the ideal cosinse law response due to the edge cooling 
of the wire. A better approximation for the directional response of 
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a hotwire is modified sine-cosine law response of the form: 

E 0 = (V cos 0 + K V sin 0 ) (2.6) 

E 0 is the voltage output of the hotwire aenometer, and at this point 
will be assumed to be a linear function of flow velocity. The non-lin- 
earity of the hotwire set putput will be treated separately. V is the 
free stream velocity, and angle 9 is the angle between a normal to the 
hotwire and the free stream velocity vector. K is an experimentally 
determined constant characterizing the hotwire response. For the hot 
film probes used to measure Reynolds stress, K = 0.55. 

Consider two hot film probes mounted as shown in figure 2.2. The 
geometry of the probes is shown in 2.3. From this geometry and from 
equation (2.6) one can write: 



Vp = V (cos (45 + 0) + K sin (45 +0)) 

V s = V (cos (45 - 0) + K sin (45 - 0)) (2.7) 

Vp and V s represents the components of the free stream velocity sensed 
by hotwires oriented with the wires each normal to the p and s axis, 
respectively. Also, from figure 2.3: 

U = V ccs 0 

W = -V sin 0 (2.8) 

Equation (2.7) can be manipulated by expanding the trigonometric functions, 
and then forming new expressions from the sum and difference of equation 
(2,7). After evaluating known angles, the result becomes: 



TT — _ 



2 



V P + V s 
1 + K 



W = 



S2 V p - V s 
2 1-fc 



(2.9) 
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FIGURE 2.2 



Sketch of hot film probe arrangement. 




FIGURE 2.3 



Geometery of hot film probe arrangement. 



VELOCITY 
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FIGURE 2.4 



Orthogonally mounted hot-film probe directional 
response based on wind tunnel tests. 
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The response characteristics of a hotwire pair mounted in an 
orthogonal configuration is shown in figure 2.4. Note that U and W 
components are accurately measured within plus or minus 30 degrees of 
the horizontal. This requires that | W | <0 . 6 | U | , a condition which is 
generally true in the atmosphere since 17 = 0 and w 72 * is at most an 
order of magnitude smaller than U. 

The probes encompass a field of measurement of roughly one-half 
centimeter, while the scale of the fluctuations being studied are of 
order 10 centimeters or greater. Consequently the measurement field 
of the probes can be considered to be a point. Further, for measurement 
of mean wind speeds over time intervals of several minutes, one can 
expect two sensors separated horizontally by a distance of roughly 1 
meter to sense the same mean wind speed. Therefore: 



V = V 
P s 

= V™ 

P s 

V + V = B V 
p s c 



( 2 . 10 ) 



Where is the horizontal mean wind speed as sensed by a cup anemometer 

located at the same height and in close proximity to the hotwire pair. 

B is an arbitrary constant of proportionality to be determined. Equation 

(2.10) says that both probes and the cup anemometer sense the same mean 

wind, while each of the two probes sense the same mean square turbulent 

fluctuations. Reconsidering the alignment problem, if the output of 

the two probes is adjusted, to satisfy equation (2.10), then W =0 and 

a 

the error terms in equation (2.3) are eliminated. 



Given two records of hotwire data from a pair of hotwire sensors 
mounted for Reynolds stress measurement, the records can be statistically 
normalized with a mean equal to zero and with a unit standard deviation. 
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This satisfies equations (2.10) and (2.3). The signals would have an 
arbitrary calibration, however, and the velocities could not be deter- 
mined unless B is determined. To determine B we will depend on a mean 
wind trend within the wind record. Let 



MV = V 
a p 

MV = V 
b s 



( 2 . 11 ) 



where M is a velocity calibration constant; V and V, are the values 

a b 

of velocity at any given instant in the two sets of normalized velocity 
records. From equation (2.10) and equation (2.11) one can write an 
expression for a record possessing a mean velocity trend. The mean 
velocity over an arbitrary sub-interval within the record about times 
t^ and t 2 can be expressed as: 



+ V b (t l )) = BV c (t l ) 



“‘W + V b (t 2» = BV c (t 2 ) 



( 2 . 12 ) 

Where the two time intervals are non-overlapping, and by virtue of the 
trend, V^(t^) is not equal to V c (t£)* Adding the two expressions in 
equation (2.12) and solving for B/M: 



B _,1 „ [V»(t7> - V.O-l)] + [Vh(t2) - VbCBt)] 

M A W- Wl (2.13) 

This expression can be used to scale U by substituting into equation 



(2.9) with the result: 



U = A (V a + V b ) + v c 



(2.14) 



The scaling of the vertical wind component is based on an examine Lion 

* 

of the following equations, which follow directly from equations (2.9) 
(2.10) and (2.14): 



